The present study was conducted to investigate the pattern of neuronal activation and corticotropin-releasing hormone (CRH) expression in fed, food deprived and refed lean (Fa/?) and obese (fa/fa) Zucker rats. The pattern of neuronal activation was studied by measuring the expression of the immediate-early gene c-fos. Expression of c-fos and CRH mRNA was determined by in situ hybridization histochemistry. In both lean and obese rats, one hour of refeeding led to a transient increase in c-fos mRNA levels which was detected in the paraventricular hypothalamic nucleus (PVH), the dorsomedial hypothalamic nucleus, the supraoptic nucleus, the paraventricular thalamic nucleus, the central nucleus of amygdala (CeA), the lateral and medial parabrachial nuclei, the nucleus of the solitary tract, and the area postrema. In addition, refeeding led to strong activation of the arginine-vasopressin neurons located in the magnocellular part of the PVH. Following 24 h of food deprivation, CRH expression in the parvocellular division of the PVH was signi®cantly higher in obese rats compared to lean animals. During refeeding, PVH CRH mRNA levels in obese rats decreased to reach control values. The decrease in CRH expression in obese rats was accompanied by the alleviation of the hypercorticosteronemia that characterized obese Zucker rats. CRH mRNA levels in the central nucleus of the amygdala were signi®cantly higher in lean rats than in obese animals, when the rats were fed ad libitum During food deprivation, CeA CRH mRNA levels decreased in lean rats and gradually returned to predeprivation values during refeeding. In refed obese rats, CeA levels of CRH mRNA were higher than those of ad libitum fed or food-deprived obese mutants. In the perifornical region of the lateral hypothalamic area (LHA), the expression of CRH mRNA rose signi®cantly in response to refeeding in lean rats, but not in obese animals. Following the ®rst hour of refeeding, the number of neurons expressing CRH mRNA in the LHA in lean rats almost doubled. The present results demonstrate that refeeding has a stimulating effect in obese Zucker rats in a pattern of activation similar to that seen in lean Fa/? rats. They also demonstrate differences in CRH expression between Fa/? and fa/fa rats after refeeding. The most apparent of these differences was seen in the lateral hypothalamus in which refeeding failed to up-regulate CRH expression in obese rats.
Introduction
The genetically obese (fa/fa) Zucker rat represents one of the most investigated models of obesity. It is characterized by a massive obesity that develops at an early age, resulting from an increased food intake and a blunted regulatory thermogenesis (York, 1979; Johnson et al., 1991; York, 1992) . The fa mutation prevents the expression of the long isoform of the leptin receptor (Phillips et al., 1996) , which mediates the anorectic and thermogenic actions of leptin. In addition, the obese Zucker rat is hyperlipoproteinemic, hyperinsulinemic, glucose intolerant, insulin resistant and markedly hypercorticosteronemic (York, 1979; York, 1992) .
High levels of corticosterone have been observed in the obese Zucker rat despite an increased clearance of the hormone (White et al., 1989) , suggesting that the hypercorticosteronemia seen in the fa/fa rat is due to the activation of the hypothalamic neurons secreting corticotropin-releasing hormone (CRH). CRH is found in large amounts in the parvocellular division of the paraventricular hypothalamic nucleus (PVH). It is also synthesized in many other brain areas, from where it is thought to modulate autonomic and behavioural responses. CRH is an anorectic/thermogenic neuropeptide potentially involved in the regulation of energy balance (Heinrichs & Richard, 1999; Richard, 1999) .
The role of the CRH system in the development of obesity has yet to be clearly established. There is evidence that the fa/fa rat is more sensitive than the lean (Fa/?) Zucker rat to the effect of CRH in reducing energy stores (Rohner-Jeanrenaud et al., 1989; Heinrichs et al., 1996) , which seems consistent with the suggestion that the CRH tone is reduced in obesity (Plotsky et al., 1992) . On the other hand, it has been demonstrated that the CRH system can be readily activated in the obese Zucker rat (Guillaume-Gentil et al., 1990; Timofeeva & Richard, 1997) , which is not a priori supportive of the view that the CRH system is quiescent in obesity. For instance, food deprivation, which is without effect in lean animals even after 48 h of deprivation, induces a strong activation of the CRH system in the fa/ fa rat. In fact, 12 hours of deprivation are suf®cient to activate nearly all the CRH hypophysiotropic neurons of the PVH in the obese Zucker rat (Timofeeva & Richard, 1997) .
Whereas the effects of food deprivation on the CRH system are documented in lean (Brady et al., 1990) and obese Zucker rats (Timofeeva & Richard, 1997) , those of refeeding following food deprivation have not been investigated. The refeeding paradigm has been extensively used to study postprandial hormonal and thermogenic responses (Walks et al, 1983; Levin & Trayhurn, 1987; Dulloo et al., 1990) . Refeeding has also become a valuable paradigm to assess the brain response to feeding as brain activation can be reliably measured following refeeding by examining c-fos expression (Fraser & Davison, 1993; Ritter et al., 1994) In this study, the patterns of neuronal activation and CRH expression following refeeding have been investigated in Fa/? and fa/fa Zucker rats. Because food ingestion also activates the magnocellular division of the PVH (Naimi et al., 1997) , it was also the intent of this study to verify whether the PVH neurons constitutively expressing arginine vasopressin (AVP) would be stimulated following refeeding. The magnocellular division of the PVH is particularly rich in AVPcontaining neurons.
Methods

Animals and treatments
Lean Fa/? and obese fa/fa male Zucker rats, aged 6 weeks, were purchased from the Canadian Breeding Laboratories (St-Constant, Canada). All rats were cared for and handled according to the Canadian Guide for the Care and Use of Laboratory Animals. In addition, the protocol was approved by our institutional animal care committee. The animals were housed individually in wire-bottom cages suspended above absorbent paper and, unless speci®ed, fed ad libitum with a stock diet (Agway Prolab, Rat/Mouse/Hamster 1000 Formula). They were subjected to a 14 : 10 h dark-light cycle (lights on between 1200 and 2200 h) and kept under an ambient temperature of 23 T 1°C. Rats were killed either in an ad libitum fed state, after 24 h of food deprivation, or after 1 h, 6 h, and 24 h of refeeding following food deprivation. All rats were killed between 1200 and 1300 h that is during the ®rst hour of the light phase. Because we intended to keep the time of sacri®ce constant, the time for food removal was varied according to the length of the refeeding period.
Food intake measurement
The amount of food eaten was measured before and during refeeding. Rats were given in excess a known quantity of food and the amount of food eaten was calculated by subtracting the amount of food left from the amount provided. Food spillage on the absorbent paper underneath the cages was carefully accounted following each intake measurement. In ad libitum-fed rats, food intake was measured during the last 24 h before sacri®ce.
Brain preparation
The brains were prepared as previously described (Richard et al., 1996) . Brie¯y, rats were anaesthetized with 1.5 mL of a mixture containing 20 mg/mL of ketamine and 2.5 mg/mL of xylazine. Without delay, they were perfused intracardially with 30 mL of icecold isotonic saline followed by 200 mL of a paraformaldehyde (4%) solution. The brains were removed at the end of perfusion and kept in paraformaldehyde for an additional period of 7 days. They were then transferred to a solution containing paraformaldehyde (4%) and sucrose (10%) before being cut 12 h later using a sliding microtome (Histoslide 2000, Reichert-Jung). Brain sections were taken from the olfactory bulb to the brainstem and put into a cold sterile cryoprotecting solution containing sodium phosphate buffer (50 mM), ethylene glycol (30%), and glycerol (20%). The 30 mm-thick sections were stored at ±30°C, using tissue culture plates. These plates have six rows of four wells, out of which ®ve rows were used to store the brain sections. One row contains an entire brain (one at every ®ve sections).
Plasma corticosterone determination
An intracardial blood sample was taken in anaesthetized rats immediately before the beginning of the intracardial perfusion with paraformaldehyde. Serum corticosterone was determined by a competitive protein-binding assay (sensitivity, 0.058 nmol/L; interassay coef®cient of variation, 9.0%) (Murphy, 1967) . The plasma containing the transcortin required for the assay was obtained from a female Rhesus monkey, which was treated with dexamethasone prior to the sampling of blood.
In situ hybridization histochemistry
In situ hybridization histochemistry was used to determine c-fos mRNA and CRH mRNA on tissue sections taken from the entire brain. The protocol used was largely adapted from the technique described by Simmons et al. (1989) cpm/mL), were spotted on each slide. The slides were sealed under a coverslip and incubated overnight at 60°C in a slide warmer. The next day, the coverslips were removed and the slides rinsed four times with 4Q SSC (0.6 M NaCl, 60 mM trisodium citrate buffer, pH 7.0), digested for 30 min at 37°C with RNAse-A (20 mg/mL in 10 mM Tris-500 mM NaCl containing 1 mM EDTA), washed in descending concentrations of SSC (2Q, 10 min; 1Q, 5 min; 0.5Q, 5 min; 0.1Q, 30 min at 60°C) and dehydrated through graded concentrations of alcohol. After a 2-hperiod of vacuum drying, the slides were exposed on a X-ray ®lm (Eastman Kodak, Rochester, NY) for 12 h. Once removed from the autoradiography cassettes, the slides were defatted in xylene and dipped in NTB2 nuclear emulsion (Kodak). The slides were exposed 7 days, before being developed in D19 developer (Kodak) for 3.5 min at 14°C and ®xed in rapid ®xer (Kodak) for 5 min. Finally, tissues were rinsed in running distilled water for 1±2 h, counterstained with thionin (0.25%), dehydrated through graded concentrations of alcohol, cleared in xylene, and coverslipped with DPX.
Antisense 35 S-labelled riboprobes
The c-fos cRNA probe was generated from the EcoRI fragment of rat c-fos cDNA (Dr I. Verma, The Salk Institute, La Jolla, CA, USA; GenBank NCBI, K02712) subcloned into pBluescript SK-1 plasmid (Stratagene, La Jolla, CA), and linearized with SmaI and XhoI (Pharmacia Biotech Inc., Canada) for antisense and sense probes, respectively. The CRF cRNA probe was generated from the EcoRI fragment of a rat CRF cDNA (Dr K. Mayo, North-western University, Evanston, IL) subcloned into pGem-4 plasmid (Stratagene, La Jolla, CA), and linearized with HindIII and EcoRI (Pharmacia Biotech Inc., Canada) for antisense and sense probes, respectively (Thompson et al., 1987) . Radioactive riboprobes were synthesized by incubation of 250 ng linearized plasmid in 10 mM NaCl, 10 mM dithiothreitol, 6 mM MgCl, 40 mM Tris (pH 7.9), 0.2 mM ATP/GTP/CTP, a-35 S-UTP, 40 U RNasin (Promega, Madison, WI), and 20 University of T7 or T3 RNA polymerase for, respectively, antisense and sense probes of c-fos RNA; and SP6 or T7 RNA polymerase for, respectively, antisense and sense probes of CRH RNA for 60 min at 37°C. The DNA templates were treated with 100 mL of DNAse solution (1 mL DNAse, 5 mL of 5 mg/mL tRNA, 94 mL of 10 mM Tris/10 mM MgCl 2 ). The preparation of the riboprobes was accomplished by phenol-chloroform extraction and ammonium acetate precipitation. The speci®city of the probe was con®rmed by the absence of positive signal in sections hybridized with sense probe.
Combination of immunocytochemistry with in situ hybridization
Immunocytochemical detection of AVP was combined with the detection of c-fos mRNA to determine whether AVP cells were activated during refeeding. Brain sections were ®rst processed for immunochemical detection of AVP using a conventional avidinbiotin-immunoperoxidase method. Brie¯y, brain slices were washed in the KPBS. They were then incubated for 24 h at 4°C with an AVP antibody (Incstar; Cat. no. 20069). The AVP antibody was used at a 1 : 500 000 dilution in KPBS (50 mM) with heparin (0.25%), Triton X-100 (0.4%) and bovine serum albumin (2%). Twenty-four hours following incubation at 4°C with the ®rst antibody, the brain slices were rinsed in sterile KPBS and incubated with a mixture of KPBS, Triton X-100, heparin, and biotinylated goat antirabbit IgG (1 : 1500 dilution; Vector Laboratories, CA) for 90 min. Sections were then rinsed with KPBS and incubated at room temperature for 60 min with an avidin-biotin-peroxidase complex (Vectastain ABC Elite Kit, Vector Laboratories, CA). After several rinses in sterile KPBS, the brain slices were allowed to react in a mixture containing sterile KPBS, the chromagen 3,3¢-diaminobenzidine tetrahydrochloride (DAB, 0.05%), and 1% hydrogen peroxide. Thereafter, tissues were rinsed in sterile KPBS, mounted onto poly L-lysinecoated slides, desiccated overnight under vacuum, ®xed in paraformaldehyde (4%) for 30 min, and digested for 30 min at 37°C with proteinase K (10 mg/mL in 100 mM Tris-HCl, pH 8.0, and 50 mM EDTA). Prehybridization, hybridization, and posthybridization steps were performed as described above except for the dehydration step, which was shortened to avoid decolorization of AVP-immunoreactive (AVP-ir) cells. After vacuum drying for 2 h, sections were exposed onto X-ray ®lm, defatted in xylene, and dipped in the NTB2 nuclear emulsion. Slides were exposed for 7 days, developed in D19 developer for 3.5 min at 15°C, and ®xed in rapid ®xer for 5 min. Thereafter, tissues were rinsed in running distilled water for 1±2 h, rapidly dehydrated through graded concentrations of alcohol, cleared in xylene, and coverslipped with DPX.
Quantitative analysis of the hybridization signals
The hybridization signals revealed on NTB2 dipped nuclear emulsion slides were analyzed and quanti®ed under a light microscope (Olympus, BX50) equipped with a black and white video camera (Sony, XC-77) coupled to a Macintosh computer (Power PC 7100/66) using Image software (version 1.57 non-FPU, Wayne Rasband, NIH, Bethesda, MD). The intensity of the hybridization signal was measured under dark®eld illumination at a magni®cation of 25Q. The PVH (bregma from ±1.80 to ±2.00), supraoptic nucleus (SO) (bregma from ±1.10 to ±1.40), dorsomedial hypothalamic nucleus (DMH) (bregma from ±3.14 to ±3.30), paraventricular thalamic nucleus (bregma from ±2.30 to ±2.80), CeA (bregma from ±2.12 to ±2.80), dorsomedial hypothalamic nucleus (DMH) (bregma from ±0.26 to ±0.40), parabrachial nuclei (bregma from ±9.16 to ±9.68), nucleus of the solitary tract (NST) (bregma ±11.80 to ±14.08) and the area postrema (bregma ±13.68 to ±14.08) were outlined prior to the measurement of the optical density (OD) of the hybridization signals. OD was performed bilaterally on the 2±5 sections for each of the four animals assigned to each treatment. The different stereotaxic coordinates of the structures were determined using the rat brain atlas of Paxinos and Watson (Paxinos & Watson, 1997) . The measurements were averaged for each animal. When no hybridization signal was visible under dark®eld illumination, the brain structures of interest were outlined under bright®eld illumination and then subjected to densitometric analysis under dark®eld illumination. The OD for each speci®c region was corrected for the average background signal, which was determined by sampling unlabelled areas outside of the areas of interest. The analysis of the hybridization signal in the perifornical part of the lateral hypothalamic area (LHA) (bregma from ±2.56 to ±3.30), which could not be outlined accurately, was performed by sampling the area of the positive hybridization signal of the region. The number of labelled cells in the LHA, identi®ed as clusters of silver grains overlying thionin-stained perikarya, was also counted. The hybridization signals were ®rst analyzed by one of the authors and then by an independent investigator who did its analysis blindly. The two analyses were consistent. ) and obese (fa/fa) Zucker rats fed ad libitum, food deprived for 24 h (FD) or refed for 1 h (RF 1 h), 6 h (RF 6 h) and 24 h (RF 24 h). The ODs were determined under microscope on coronal brain sections taken from the paraventricular hypothalamic nucleus (magnocellular (PVHm) and parvocellular parts (PVHp)), supraoptic nucleus (SO), dorsomedial hypothalamic nucleus (DMH), paraventricular thalamic nucleus (PVT), and the central amygdaloid nucleus (CeA). A 2 Q 5 analysis of variance (ANOVA) was used to examine the main and interaction effects of phenotype (lean, Fa/?; obese, fa/fa) and nutrition status (Ad lib, FD, RF 1 h, RF 6 h, RF 24 h). A posteriori comparisons were performed using the Bonferroni/Dunn multiple-comparison procedure. *P < 0.0038 compared with the ad libitum group within the same phenotype; ² P < 0.0038 compared with the lean group for a given nutrition status.
Statistical analysis
A 2 Q 5 analysis of variance (ANOVA) was used to examine the main and interaction effects of`phenotype' (lean, Fa/?; obese, fa/fa) and nutrition' (Ad lib, fed ad libitum; FD, food-deprived for 24 h; RF 1 h, refed for 1 h after 24 h of food deprivation; RF 6 h, refed for 6 h after 24 h of food deprivation; RF 24 h, refed for 24 h after 24 h of food deprivation) on the various dependent variables measured in this study. ANOVA was completed by a posteriori comparisons using the Bonferoni/Dunn multiple-comparison-procedure. Thirteen comparisons were performed. Obese and lean animals were compared on each feeding condition (fed ad libitum, food deprived, refed for 1, 6 and 24 h) and food-deprived as well as refed groups of rats (for either lean or obese animals) were compared to their respective ad libitumfed groups. The level of signi®cance was adjusted at 0.0038 (0.05/13 comparisons) (Kirk, 1982) . Each of the ten groups formed in this study included four animals.
Results
Food intake
Obese rats ate signi®cantly more than lean animals when they had free access to food (Table 1) . They also consumed signi®cantly more food than lean animals over the 24 h of refeeding. However, both lean and obese animals ingested similar amounts of food during the ®rst 6 h of refeeding.
Plasma corticosterone
Obese rats had higher plasma corticosterone levels compared to lean animals when they were fed ad libitum, food-deprived for 24 h, and refed for 24 h (Table 1) . However, plasma corticosterone levels in obese rats dropped to the levels seen in lean animals during the ®rst hour of refeeding.
C-fos expression in response to refeeding
Refeeding after 24 h of food deprivation induced a transient c-fos expression in both lean and obese rats (Fig. 1) . The regions showing the clearest expressions were the NTS, DMH, CeA, SO, PVH and the lateral parabrachial nucleus (LPB). The pattern of expression was similar between lean and obese animals. However, in the majority of examined regions, affected by ¢nutrition', namely the PVH, DMH and LPB, c-fos mRNA expression was signi®cantly stronger in obese rats compared to lean animals (Figs 2 and 3 ). This occurred despite the fact that lean and obese animals consumed a comparable amount of food during the ®rst hour of refeeding. Food deprivation signi®cantly increased c-fos mRNA expression only in obese rats in the PVT and CeA (Fig. 2) . In ad libitum-fed rats as well as in lean food-deprived animals, there was essentially no c-fos expression in the brain.
The expression of c-fos in response to refeeding was particularly strong in the brainstem and hypothalamus. In the brainstem, c-fos mRNA was abundant in the caudal, medial and rostral parts of the NTS (Fig. 4) . It was also signi®cantly expressed in the medial and lateral parabrachial nuclei, the area postrema, the dorsal cochlear nucleus and the external cuneate nucleus. In the hypothalamus, c-fos was found in the PVH, the dorsomedial hypothalamic nucleus (Fig. 5) , the supraoptic hypothalamic nucleus and the median preoptic nucleus. In the dorsomedial hypothalamic nucleus, the highest levels of the c-fos mRNA transcript following refeeding were detected in the ventral and central parts of the nucleus. c-fos expression was also detected in the dorsomedial thalamus, the CeA and the vascular organ of the lamina terminalis.
Refeeding highly induced expression of c-fos mRNA in the magnocellular part of the PVH (Fig. 6) , where all the AVP neurons appeared to express c-fos mRNA (Fig. 7) . The c-fos mRNA transcript was also found in the dorsal and ventral parts of the PVH parvocellular division (Fig. 6) . FIG. 3 . Effects of different feeding conditions (feeding ad libitum, food deprivation for 24 h (FD), or refeeding for 1 h (RF 1 h), 6 h (RF 6 h) and 24 h (RF 24 h)) on the levels of c-fos mRNA in the hindbrain regions of lean (Fa/?) and obese (fa/fa) Zucker rats. The ODs were determined on coronal brain sections taken from nucleus of the solitary tract (NST), area postrema (AP), lateral parabrachial nucleus (LPB), medial parabrachial nucleus (MPN). A 2 Q 5 analysis of variance (ANOVA) was used to examine the main and interaction effects of phenotype (lean, Fa/?; obese, fa/fa) and nutrition status (Ad lib, FD, RF 1 h, RF 6 h, RF 24 h). A posteriori comparisons were performed using the Bonferroni/Dunn multiplecomparison procedure. *P < 0.0038 compared with the ad libitum group within the same phenotype; ² P < 0.0038 compared with the lean group for a given nutrition status.
CRH mRNA expression in response to food deprivation and refeeding
The expression of CRH mRNA was examined in different brain regions in lean and obese rats during food deprivation and refeeding.
CRH expression in the parvocellular division of the PVH was signi®cantly higher in obese rats compared to lean animals following 24 h of food deprivation. Those levels decreased during the ®rst hour of refeeding (Figs. 8 and 9 ). In addition, CRH mRNA levels in the CeA were signi®cantly higher in lean rats than in obese animals ( Fig. 8) when the rats were fed ad libitum During food deprivation, the levels of CRH mRNA in the CeA decreased in lean rats to reach the levels seen in obese mutants, but gradually returned to predeprivation values during refeeding. CeA expression of CRH mRNA increased after 24 h of refeeding in obese rats (Figs 8 and 10 ). In the anterodorsal and anteroventral subdivisions of the bed nucleus of the stria terminalis (respectively BSTad and BSTav), CRH expression increased signi®cantly during food deprivation in obese rats, but not in lean animals. Following 24 h of refeeding, elevations in CRH mRNA levels were measured in the BSTad and the BSTav in lean rats and in the BSTav in obese animals (Figs 8 and 11 ). In the perifornical region of the LHA, the expression of CRH mRNA rose FIG. 6 . Dark-®eld photomicrographs of coronal brain sections taken from the paraventricular hypothalamic nucleus (PVH) depicting c-fos mRNA. The brain sections (30 mm thick) were obtained from lean (Fa/?) and obese (fa/fa) Zucker rats killed when fed ad libitum or refed for 1 and 6 h after 24 h of food deprivation. PVHpd ± parvocellular PVH, dorsal, PVHpv ± parvocellular PVH, ventral, PVHm ± magnocellular PVH, 3v ± third ventricle. The scale bar corresponds to 100 mm.
signi®cantly in response to refeeding in lean rats, but not in obese animals. During the ®rst hour of refeeding, the number of neurons expressing CRH mRNA in the LHA in lean rats almost doubled (Figs 8 and 12 ).
Discussion
This study was conducted to examine the pattern of neuronal activation in lean and obese rats during refeeding, using c-fos mRNA. The c-fos gene is rapidly and transiently expressed in response to several stimuli (Morgan & Curran, 1991; Sawchenko et al., 1996) , and its expression has been widely used to imprint neuronal activity in laboratory rodents. c-fos expression has proved to be particularly reliable in delineating activated brainstem circuitries following food ingestion (Fraser & Davison, 1994; Ritter et al., 1994) . In this study, refeeding was used as a paradigm to assess the brain response to feeding. Comparable patterns of Fos were seen in lean and obese rats following refeeding.
Similar distributions of c-fos expressions were observed in lean and obese rats following refeeding, suggesting that the brain structures activated by feeding do not differ between lean and obese animals. The regions expressing c-fos appeared most likely activated by stimuli carried by gustatory, oropharyngeal and gastrointestinal afferents of the vagus and cranial nerves, which terminate in the NST (Jean, 1991; Norgren, 1995) . Meal-induced Fos expression in FIG. 7 . Bright®eld photomicrographs demonstrating arginine-vasopressin (AVP) and Fos coexpression in the magnocellular part of the PVH in lean (Fa/?) and obese (fa/fa) Zucker rats. The top panels represent the PVH in the brain sections of food-deprived (24 h) animals, and the four bottom panels represent the PVH of rats refed for 1 h after 24 h of food deprivation. Some of the neurons displaying colocalization of AVP immunoreactivity (ir) (brown staining) and c-fos mRNA expression (silver grains) are indicated by arrows. 3v ± third ventricle. The scale bars correspond to 100 mm for the four top panels, and 20 mm for the two bottom panels.
the NST has been demonstrated to be strongly modulated by visceral stimulation as well as by cholecystokinin administration (Fraser & Davison, 1992; Schwartz et al., 1993; Fraser et al., 1995; Willing & Berthoud, 1997) . The NST sends projections either directly or through the parabrachial nucleus to the forebrain regions expressing Fos in response to refeeding. These include the dorsomedial hypothalamic nucleus, the parvocellular and magnocellular divisions of the PVH, the paraventricular thalamic nucleus, and the CeA FIG. 8 . Effects of different nutrition conditions (feeding ad libitum, food deprivation for 24 h (FD), or refeeding for 1 h (RF 1 h), 6 h (RF 6 h) and 24 h (RF 24 h)) on the optical densities (ODs) of the hybridization signal of CRH mRNA in the parvocellular part of the paraventricular hypothalamic nucleus (PVHp), central nucleus of amygdala (CeA) and in the bed nucleus of the stria terminalis, anterodorsal (BSTad) and anteroventral (BSTav) parts; and area of the positive hybridization signal of CRH mRNA and the number of labelled cells per hemisection in the lateral hypothalamic area in lean (Fa/?) and obese (fa/fa) Zucker rats. A 2 Q 5 analysis of variance (ANOVA) was used to examine the main and interaction effects of phenotype (lean, Fa/?, obese, fa/fa) and nutrition status (Ad lib, FD, RF 1 h, RF 6 h, RF 24 h). A posteriori comparisons were performed using the Bonferroni/Dunn multiple-comparison procedure. *P < 0.0038 compared with the ad libitum group within the same phenotype; ² P < 0.0038 compared with the lean group for a given nutrition status. (Leslie et al., 1992; Ricardo & Koh, 1978; Sawchenko et al., 1990) . The levels of c-fos mRNA expression during refeeding tended (7 out of 10 regions) to be signi®cantly higher in obese rats, compared to lean animals. The reason for this is not clear but does not seem to be attributable to differences in the amount of food ingested as lean and obese rats ate comparable amounts during the ®rst hour of refeeding.
Whether there exists a link between the increased activation of speci®c brain regions seen in obese rats following ingestion and the alleviation of the stress-like response led to by food deprivation (Timofeeva & Richard, 1997) in these rats remains to be demonstrated.
In obese Zucker rats, c-fos expression during refeeding markedly contrasts with that seen in response to food deprivation. In fact, food removal causes in obese rats (Timofeeva & Richard, 2001 ) strong Refeeding, obesity and CRH 1025 neuronal activations similar to those induced by neurogenic stresses Herman & Cullinan, 1997; Sawchenko et al., 2000) . The augmented c-fos transcript levels in the PVT and CeA detected in the present study in obese rats following 24 h of food deprivation are consonant with those reported earlier (Timofeeva & Richard, 2001) . The brain regions which show particularly strong activations during deprivation (those include the cortex, the caudateputamen, the lateral septum, the nucleus accumbens, the bed nucleus FIG. 11 . Dark-®eld photomicrographs of coronal brain sections representing CRH mRNA expression in the bed nucleus of the stria terminalis, anterodorsal (BSTad) and anteroventral (BSTav) parts. The brain sections (30 mm thick) were obtained from lean (Fa/?) and obese (fa/fa) Zucker rats killed when fed ad libitum, food deprived for 24 h or refed for 24 h after 24 h of food deprivation. ac ± anterior commissure. The scale bar corresponds to 300 mm.
of the stria terminalis, the basolateral amygdala) were not activated during refeeding. In addition to extinguishing the expression of Fos in the regions activated by deprivation, refeeding markedly reduced the activity of the hypothalamic-pituitary-adrenal axis. In fact, c-fos mRNA expression in the parvocellular part of the PVH, which controls the activity of the hypothalamic-pituitary-adrenal axis during FIG. 12 . Dark-®eld photomicrographs of coronal brain sections taken from the perifornical part of the lateral hypothalamic area (LHA) depicting CRH mRNA. The brain sections (30 mm thick) were obtained from lean (Fa/?) and obese (fa/fa) Zucker rats killed when fed ad libitum or refed for 1 and 24 h after 24 h of food deprivation. f ± fornix. The scale bar corresponds to 100 mm.
refeeding was weak compared to that of the magnocellular division, which was strongly activated. As reported before (Naimi et al., 1997) , feeding induced Fos mainly in AVP neurons, which are involved in the maintenance of hydric balance and in drinking. The factors leading to the activation of these neurons have yet to be identi®ed. An earlier report (Rowland, 1995) demonstrated that Fos immunoreactivity following food ingestion was related to meal size and less prominent in rats eating moist food than in those fed a dry diet. It has also been suggested that the prandial expression of Fos in the AVP neurons coincided with the translocation of¯uid into gut (Rowland, 1995) and could be triggered by oropharyngeal stimuli (Naimi et al., 1997) . The few neurons expressing c-fos mRNA in the parvocellular division of the PVH were mostly found in the ventral and dorsal parts of the parvocellular PVH. These parts of the PVH contain oxytocinergic neurons (Hou-Yu et al., 1986) known to project to the medulla and spinal cord (Hosoya & Matsushita, 1979; Sawchenko & Swanson, 1982) . A double-labelled procedure aimed at colocalizing Fos-ir and CRH mRNA revealed that only very few CRHergic neurons express Fos in the parvocellular PVH of refed rats (data not shown).
This study was also planned to investigate the brain expression of CRH during feeding in lean and obese rats. CRH is an anorectic/ thermogenic neuropeptide (Richard, 1999 ) strongly expressed in the PVH, CeA and BST. CRH expression in the parvocellular division of the PVH, which was signi®cantly higher in obese rats compared to lean animals following 24 h of food deprivation, decreased during the ®rst hour of refeeding. This occurred concomitantly with a reduction in the circulating levels of corticosterone. Ad libitum levels of CRH mRNA in the CeA were found to be lower in obese rats compared to lean animals, which is in agreement with a potential role for CeA CRH in preventing fat deposition. Recent ®ndings have suggested that the CRH-containing neurons of the CeA could be involved in the control of feeding (Bovetto & Richard, 1995; King et al., 1997; King et al., 1998) . During food deprivation, levels of CRH mRNA in the CeA did not change in obese rats but decreased in lean rats to reach the levels of expression seen in obese ad libitum fed animals. In lean and obese rats, refeeding signi®cantly increased the expression of CRH mRNA in the CeA. The observation that CRH mRNA expression (this study) and CRH concentration (Plamondon & Merali, 1997) can increase in the CeA during food ingestion is in consonance with a role for CeA CRH in feeding behaviour. CRH mRNA expression also increased signi®cantly in the BST during refeeding. Interestingly, the CRH gene was highly induced in the dorsal and ventral anterior parts of the BST in obese but not in lean rats during food deprivation. Given that the BST may stimulate PVH CRH neurons (Herman et al., 1994) , it can be argued that the activation of the BST during deprivation is part of the activated circuitries leading to the marked stimulation of the hypothalamicpituitary axis that characterizes obese rats following deprivation (Timofeeva & Richard, 1997) . CRH-containing neurons of the BST are, in contrast to those of the CeA, strongly activated in fooddeprived obese rats (Timofeeva & Richard, 1997) .
One of the most striking differences between lean and obese rats in the levels of CRH measured during refeeding was found in the LHA. Refeeding increased the LHA levels of CRH in lean but not in obese rats. The number of cells expressing CRH mRNA in the perifornical LHA in lean rats doubled during the ®rst hour of refeeding, and remained elevated for at least 24 h following the onset of the refeeding period. In obese rats, LHA CRH expression did not change signi®cantly during refeeding. Recent studies have provided evidence that the CRH-containing neurons of the LHA are involved in the anorexia induced by an osmotic stress (Watts et al., 1999) . The present results are also in agreement with a role for these neurons in the control of feeding; the lack of CRH activation during refeeding would seem associated with the increase in food intake gradually taking place in refed obese rats.
It is noteworthy that lean and obese rats ate similar amounts of food during the ®rst hour of refeeding. In fact, it took a few hours to the obese Zucker rats to return to its hyperphagic state following deprivation. The explanation for this is not known. Given the generalized activation of the CRH system in obese rats following fasting (Timofeeva & Richard, 1997) , it can be argued that the delay is due to the stress of starvation, which is not seen in lean rats. It has been known for years that stressful conditions cause a CRH-mediated hypophagia (Heinrichs & Richard, 1999) .
In summary, the present results demonstrate that refeeding induced a pattern of neuronal activation that was comparable between lean and obese Zucker rats. This suggests that the difference in the feeding behaviour between lean and obese rats is not linked to major changes in the way food signals the brain during feeding. Nonetheless, the stimulation of the some brain structures was stronger in obese than in lean rats, raising the possibility that the obese rats respond slightly more strongly to food stimuli. The present results also demonstrate differences in CRH expression between Fa/? and fa/fa rats during refeeding. In the perifornical region of the LHA, expression of CRH mRNA rose signi®cantly in response to refeeding in lean rats, but not in obese animals. Considering the potential role of the LHA CRH neurons in the control of food intake, a lack of activation of these neurons could represent a mechanism favouring hyperphagia in the obese Zucker rat.
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